Abstract: Aerosol haze pollution has had a significant impact on both global climate and the regional air quality of Eastern China, which has a high proportion of high level pollution days. Statistical analyses of aerosol optical properties and direct radiative forcing at two AERONET sites (Beijing and Xuzhou) were conducted from 2013 to 2016. Results indicate: (1) Haze pollution days accounted for 26% and 20% of days from 2013 to 2016 in Beijing and Xuzhou, respectively, with the highest proportions in winter; (2) The averaged aerosol optical depth (AOD) at 550 nm on haze days were about 3.7 and 1.6 times greater than those on clean days in Beijing and Xuzhou, respectively. At both sites, the maximum AOD occurred in summer; (3) Hazes were dominated by fine particles at both sites. However, as compared to Xuzhou, Beijing had larger coarse mode AOD and higher percentage of small α. This data, together with an analysis of size distribution, suggests that the hazes in Beijing were more susceptible to coarse dust particles than Xuzhou; (4) During hazes in Beijing, the single scattering albedo (SSA) is significantly higher when compared to clean conditions (0.874 vs. 0.843 in SSA 440 nm ), an increase much less evident in Xuzhou. The most noticeable differences in both SSA and the imaginary part of the complex refractive index between Beijing and Xuzhou were found in winter; (5) In Beijing, the haze radiative forcing produced an averaged cooling effect of −113.6 ± 63.7 W/m 2 at the surface, whereas the averaged heating effect of 77.5 ± 49.7 W/m 2 within the atmosphere was at least twice as strong as clean days. In Xuzhou, such a radiative forcing effect appeared to be much smaller and the difference between haze and clean days was insignificant. Derived from long-term observation, these findings are more significant for the improvement of our understanding of haze formation in China and the assessment of its impacts on radiative forcing of climate change than previous short-term case studies.
Introduction
Although atmospheric aerosols play a significant and complex role in Earth's radiation energy budget through direct and indirect effects [1] , they are also associated with public health problems [2] . Varying temporally and spatially, aerosols' optical and physical properties are crucial parameters that influence the aerosol radiative forcing both at the surface/bottom and at the top of atmosphere; these parameters include the aerosol optical depth (AOD), Ångström exponent (α), the single
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Sites and Measurements
The two AERONET sites used in the study, Beijing-RADI and Xuzhou-CUMT, are in downtown Beijing and suburban Xuzhou, respectively. Both Beijing and Xuzhou are part of generalized North China Plain (NCP) that is bordered to the north by the Yanshan Mountains, to the west by the Taihang Mountains, and to the east by both the Bohai Sea and Yellow Sea (see Figure 1 ). The NCP is one of the most polluted regions in China. The Beijing-RADI site at the Institute of Remote Sensing and Digital Earth, Chinese Academy of Sciences (40.005 • N, 116.379 • E, 59 m), is in the northern part of Beijing, between the 4th and 5th city ring roads. The predominant types of land use around the site are roads and residential areas. The Xuzhou-CUMT site at the China University of Mining and Technology (34.220 • N, 117.140 • E, 60 m), is surrounded by mountains on three sides as well as a lake on its northern side. The predominant types of land use around this site are roads and residential areas. There are three levels of AERONET data [31] . The dataset used for the Beijing-RADI was taken from the Version 2 Level 2 (quality assured) products with observations from January 2013 to December 2016. The dataset for the Xuzhou-CUMT was taken from the Level 1.5 (cloud screened) product with observations from July 2013 to December 2016. [32] . Red points indicate the location of Beijing and Xuzhou sites which are the only two urban sites with long-term measurements provided by the AERONET.
The automatic Sun-sky radiometer scans direct solar irradiance four times an hour at eight spectral channels (340, 380, 440, 500, 675, 870, 1020, and 1640 nm) and a 940 nm water vapor channel with a 1.2 • full field of view. The measurements of direct solar irradiance for each band can be employed to calculate the AOD and the measurements at 940 nm are capable of computing total perceptible water vapor content in centimeters. The uncertainty in AOD retrievals under cloud free conditions is <±0.02 for the channel with central wavelength of 440 nm and <±0.01 for other channels, which is less than the ±5% uncertainty for the retrievals of sky radiance measurements [33] . The α is estimated at two wavelengths of 870 nm and 440 nm which is commonly used to describe the wavelength dependence of AOD and to provide some basic information on aerosol size distribution. Small values of α correspond to the predominant presence of coarse and large values of α of fine aerosol particles. A spectral deconvolution algorithm was developed to infer the component fine and coarse mode optical depths at 500 nm from the spectral total extinction AOD data based on two fundamental assumptions [34] . The first is that the aerosol particle size distribution is effectively bimodal. The second hypothesis is that the coarse-mode α and its spectral variation are both approximately neutral. The SSA and aerosol size distribution, together with the complex refractive index and the aerosol phase function, are simultaneously retrieved by using both sky radiance almucantar measurements and direct solar measurements at four wavelengths (440, 675, 870, and 1020 nm) [35] . The uncertainty of SSA ranges between 0.03 and 0.05, depending on the aerosol type and loading. Retrieval errors of volume size distribution typically do not exceed 10% for the intermediate particle size range (0.1 µm ≤ r ≤7 µm) and may greatly increase at the edges of the range (r > 0.1 µm or r < 10 µm) [36] .
Auxiliary Data
In May 2014, the Chinese Ministry of Environmental Protection drafted definitions for the conditions that qualify a day as having haze pollution (Technical regulation for haze pollution day judging (on trial)). The primary indicator of haze pollution is PM 2.5 . A haze pollution day occurs when the average concentration of PM 2.5 is above 75 micrograms per cubic meter and visibility is less than 5km for more than six consecutive hours due to an increasing concentration of fine particulate matters. Accordingly, PM 2.5 and visibility data were used to determine haze pollution days (HPDs). For Beijing, the hourly PM 2.5 data was obtained from the National Real-Time Air Quality Reporting System [37] and the hourly visibility data was acquired from the website designed and supported by Raspisaniye Pogodi Ltd., St. Petersburg, Russia [38] . For Xuzhou, the hourly PM 2.5 and visibility data were measured by an aerosol particle analyzer (model Grimm 180) and a visibility sensor (model Belfort Model 6000) equipped at the air quality monitoring site of China University of Mining and Technology. Additionally, the hourly relative humidity data in Xuzhou was measured by a weather station (model Vantage Pro 2).
Estimation of Aerosol Radiative Forcing
The direct aerosol radiative forcing (DARF) is defined as the difference between the net (down minus up) shortwave radiation fluxes (in W/m 2 ) with and without aerosols under cloud free conditions, indicating the rate at which the atmosphere is forced per unit of AOD. In this study, we determined the shortwave (0.3-4.0 µm) DARF using the SBDART model that was developed to calculate the solar radiations both within the Earth's atmosphere and at the surface under clear and cloudy conditions [39] . The key input parameters to run the model include the spectral values of AOD, SSA, asymmetry along with α, columnar water vapor content, total ozone amount, and spectral surface albedo. The aerosol optical parameters were from Sun-sky radiometer measurements in Beijing and Xuzhou AERONET sites. The total column ozone concentration and surface albedo values were obtained from the OMI and MODIS satellite datasets through the Giovanni online data system, developed and maintained by the NASA GES DISC [40] . Although the AERONET also provided the DARF data, calculated using similar radiative transfer equation, the SBDART has been more widely verified with surface broadband spectrum irradiance observations [41] .
Results and Discussion
Occurrences of Haze Pollution Days
According to the Chinese Ministry of Environmental Protection's criteria, the total numbers of HPDs from 2013 to 2016 in Beijing and Xuzhou were 377 and 292, respectively, indicating a higher occurrence in Beijing. From 2013 to 2016, the frequency of HPDs exhibited a decreasing trend in Xuzhou, whereas it maintained a high level in Beijing, especially in 2014 ( Figure 2 ). Figure 3 shows monthly variations of HPDs numbers in Beijing and Xuzhou. The highest proportions were found in winter months (December, January, and February), with more than one-third in Beijing and half in Xuzhou, respectively. Beijing had higher occurrences of HPDs than Xuzhou in spring, summer, and fall months except for June, while Xuzhou had more HPDs in winter months. Frequent straw burning episodes in Xuzhou and its surrounding areas account for the high level of HPDs in the area in June [42] . 
AOD and Ångström Exponent
Averaged AODs at different wavelengths on HPDs and non-haze pollution days (NHPDs) in Beijing and Xuzhou from 2013 to 2016 are shown in Figure 4 . Generally, the AOD decreased in contrast to an increase in wavelength, especially on HPDs. This dependence of the AOD on wavelength is consistent with other research, e.g., Adeyewa and Balogun [43] and Wang et al. [44] .The AOD on HPDs was evidently larger than those on NHPDs. The mean magnitudes of AOD 500 nm on HPDs were about 3.7 and 1.6 times greater than those on NHPDs in Beijing and Xuzhou, respectively. On HPDs, the values in Beijing and Xuzhou were similar. However, Xuzhou had near two times larger AOD than Beijing on HPDs, showing a higher background level of aerosol loading. A seasonal comparison in Figure 5 reveals that the maximum AOD occurred in summer at both sites; however, the highest proportion of HPDs occurred in winter, as shown in Figure 3 . This could be the case because: (1) aerosols can easily absorb moisture, grow, and finally increase the AODs with large water vapor contents in summer [45] ; (2) high temperatures in summer are favorable to the formation of secondary aerosol particles [46] . In contrast, all the AODs in Beijing in spring, summer, and fall were larger than those in Xuzhou. However, Xuzhou had a larger AOD in winter than Beijing (0.882 vs. 0.621), which could be attributed to the higher number of HPDs.
Fine and coarse modes AOD 500 nm and fine-mode fraction (FMF, denoted as fine mode AOD 500 nm divided by total AOD 500 nm ) on HPDs and NHPDs in Beijing and Xuzhou from 2013 to 2016 are presented in Figure 6 . The mean FMF on HPDs were 0.778 ± 0.209 and 0.882 ± 0.093 in Beijing and Xuzhou, indicating that haze pollutions were dominated by fine particles. The coarse mode AOD 500 nm on HPDs was about 1.6 times larger than that on NHPDs in Beijing in contrast to a factor of 0.8 in Xuzhou. As shown in Figure 7 , the coarse mode AOD 500 nm was generally small and nearly constant both on HPDs and NHPDs. But the fine mode AOD 500 nm showed a dramatic increase on HPDs in comparison to NHPDs. In spring, the coarse mode AOD was larger than those of other seasons because of the presence of dust events. In summer, the coarse mode AOD was smallest as a result of the elimination of larger particles from frequent summer rainfall. Similarly, the fine mode AOD was largest as it closely related to hygroscopic growth of fine particles and gas-particle transformation.
The frequency distributions of α at 440-870 nm on HPDs from 2013 to 2016 in Beijing and Xuzhou are given in Figure 8 . At both sites, the frequency histogram of α presents a uni-modal structure centered at 1.2-1.4. But the range of α in Beijing was markedly wider than that over Xuzhou. For α < 1.0 and α > 1.0, the relative frequencies in Beijing were 26.05% and 73.95%, respectively; while those in Xuzhou were 5.81% and 94.19%, respectively. A higher percentage of small α, together with a higher coarse mode AOD in Beijing, suggest that haze pollutions were more susceptible to coarse dust particles than Xuzhou. 
Size Distribution
The aerosol volume size distribution (dV(r)/dln(r)) was retrieved between 0.05 µm and 15 µm using AERONET inversion methodology. Figure 9 expresses the mean values of the dV(r)/dln(r) on HPDs and NHPDs at the two sites. They exhibit an obvious bimodal pattern with two peak radiuses in fine and coarse modes. In Beijing, the volume concentrations dramatically increased on HPDs in comparison to NHPDs in terms of both fine and coarse mode particles (~167% and~80%, respectively). In Xuzhou, the volume concentration in fine mode showed an approximate 20% increase on HPDs in contrast to NHPDs, but the volume concentration in coarse mode remained relatively constant between HPDs and NHPDs. This is similar to the analysis of fine and coarse modes AOD in Figure 6 . The particle size distribution in terms of matter concentration (particles per liter) from 0.25 µm to 32 µm in Xuzhou is presented in Figure 10 . More than 99% particles fell within the scope of 0.25 µm to 0.7 µm. The total matter concentrations on HPDs were about three times greater than those on NHPDs. The seasonal variability in the dV(r)/dln(r) on HPDs at the two sites is compared in Figure 11 . In Beijing, the fine mode showed the maxima peak at radius between 0.255 µm and 0.335 µm in summer, and the coarse mode showed the maxima peak at a radius of 2.94 µm in spring. In Xuzhou, the fine mode showed the maxima peak at a radius of 0.335 µm in summer, but the differences of coarse mode were not significant among the four seasons. In both Beijing and Xuzhou, the largest volume concentration and radius in fine mode occurred in summer. This could be due to hygroscopic growth of fine particles with high relative humidity. The relative humidity data in Xuzhou from August 2014 to December 2016 exhibited a larger mean value of 75% in summer with an average of 67% for the rest of the year. 
Single Scattering Albedo and Complex Refractive Index
The SSA is defined as the ratio of light scattering to total extinction due to aerosols; this is largely dependent on aerosol size, concentration of absorbing component, and its mixture state with non-absorbing components. Figure 12 presents the mean values of SSA at four wavelengths on HPDs and NHPDs in Beijing and Xuzhou from 2013 to 2016. In Beijing, the SSA values (0.874-0.897) on HPDs were much larger than those (0.843-0.853) on NHPDs. The SSA values at 440, 675, 870, and 1020 nm were found to increase by 0.031, 0.043, 0.048, and 0.049. In Xuzhou, the SSA values on HPDs were only slightly higher than those on NHPDs. Both HPD and NHPD values were higher in Xuzhou than in Beijing, indicating a relatively stronger scattering in Xuzhou.
The SSA is a key parameter in determining aerosol models used in satellite aerosol retrieval. The accuracy differences among different Moderate Resolution Imaging Spectroradiometer (MODIS) AOD products are partly due to differences in the assumptions of aerosol models. Levy et al. [47] determined aerosol models using the climatology of AERONET sites and applied them to the MODIS aerosol retrievals over land. They defined a non-absorbing fine-dominated aerosol type in developed urban/industrial regions like eastern China, with a SSA of~0.95. Our results provide a more reasonable prior knowledge of aerosol optical parameter for retrieving haze optical depth in China [48, 49] . As shown in Figure 13 , the seasonal characters of SSA were distinct with the largest value in summer and the smallest value in winter. The increase of water content led to the large SSA in summer and the small SSA could be attributed to an increase in absorbing black carbon aerosols during the heating period in winter. As the imaginary part of complex refractive index is an important parameter characterizing aerosol absorbing property, a uniform seasonal analysis was performed on the data and its results are presented in Figure 14 . An opposite seasonal pattern of the imaginary part in comparison to the SSA was found. Between Beijing and Xuzhou, the differences in both SSA and the imaginary part were most noticeable in winter, especially at 440 nm. Low surface wind speed is one of the causes of Chinese haze pollution in winter [50] , which is not favorable for aerosol mixing. Thus, the hazes are controlled by local-scale aerosol pollution and the difference in aerosol absorption properties between the two sites is the most significant.
The SSA and imaginary part exhibit different spectral behavior for different seasons, suggesting that there were several different aerosols types. Derimian et al. [51] employed the difference between the SSA at 440 nm and 1020 nm to distinguish between dust and black carbon. Negative values of the difference SSA 440 nm -SSA 1020 nm will be related to stronger absorption by iron oxide in dust at 440 nm, while positive values are related to stronger absorption by black carbon at 1020 nm. In Figure 10 , a positive value was only found in the summer in Xuzhou, which is connected to straw burning. Additionally, Kirchstetter et al. [52] found a relatively constant imaginary part for black carbon and a spectrally dependent imaginary part for organic carbon (specifically brown carbon). The spectral changes of the imaginary part in Figure 11 indicate the presence of brown carbon that is contributed to both by vehicular traffic and heavy industry.
Notably, the uncertainty of SSA will become much larger when AOD 440 nm < 0.4 [33] . Hence, we provide the same analysis for SSA with AOD 440 nm ≥ 0.4 in Figures S1 and S2 (see Supplementary Materials). Similar characters of seasonal and spectral changes in SSA were seen. 
Aerosol Radiative Forcing
Based on the AERONET-retrieved aerosol optical properties, the SBDART was used to simulate the DARF. The comparison between the SBDART-simulated and AERONET-retrieved DARF shows good agreements with high correlation coefficients (averaged R 2 > 0.93, Figure S3 in the Supplementary Materials), indicating that the main input parameters were appropriate. Figure 15 illustrates the averaged DARF values at the surface, top of atmosphere (TOA), and within the atmosphere on HPDs and NHPDs from 2013 to 2016 in Beijing and Xuzhou. The DARF values within the atmosphere were obtained from the DARF at the TOA minus those at surface. The mean DARF values were slightly negative at the TOA but were strongly negative at the surface. Accordingly, the DARF values within the atmosphere were moderately positive, suggesting a heating effect, as a significant amount of energy was trapped inside the atmosphere [53] . Such a heating effect was more than two times stronger on HPDs than NHPDs in Beijing, while the corresponding values between HPDs and NHPDs were close in Xuzhou. In comparison to the DARF, Figure 16 shows an opposite pattern of averaged radiative forcing efficiency (ARFE), defined as the forcing per unit optical depth, in this case, larger values on NHPDs and smaller ones on the HPDs. These results are consistent with a low AOD which could present a more significant impact on radiative forcing efficiencies [27, 54, 55] . The seasonal averaged values of DARF on HPDs are shown in Figure 17 . The largest negative DARF at the surface and positive DARF within the atmosphere were found in spring and in fall respectively for Beijing and Xuzhou, implying strongest levels of cooling at the surface and warming in the atmosphere. For example, in Beijing the values were −80.6 ± 48.3 W/m 2 at the surface and −25.1 ± 17.9 W/m 2 at the TOA. These values are close to the case of common hazy days in the winter from late 2015 to early 2016 in Wuhan [30] , but two to three times larger than January 2013 in Beijing [24] . 
Conclusions
Aerosol optical properties during haze and non-haze pollution days were investigated at two AERONET urban sites in China (Beijing and Xuzhou) from January/July 2013 to December 2016. In addition, corresponding aerosol radiative forcing was estimated using the SBDART radiative transfer model. The major findings of this work are summarized as follows:
Haze pollution days accounted for 26% and 20% of all days from 2013 to 2016 in Beijing and Xuzhou, respectively, with the highest proportions in winter. The mean magnitudes of AOD at 550 nm on haze days were about 3.7 and 1.6 times greater than those on clean days in Beijing and Xuzhou, respectively. At both sites, the maximum AOD occurred in summer.
2.
Haze pollutions were dominated by fine particles at both sites. However, in comparison to Xuzhou, Beijing had larger coarse mode AOD and a higher percentage of small α. These, together with the analysis of size distribution, suggested that the haze pollutions in Beijing were more susceptible to coarse dust particles than Xuzhou. 3.
In Beijing, the values of SSA on haze pollution days greatly increase in comparison to clean days; however, this increase was much less evident in Xuzhou. The most noticeable differences in SSA and the imaginary part of complex refractive index between Beijing and Xuzhou were found in winter. The spectral changes in SSA for different seasons at both sites showed a larger SSA 440 nm than SSA 1020 nm during summer in Xuzhou, which is related to black carbon aerosols during straw burning episodes.
4.
During haze days in Beijing, the mean values of DARF at the surface were −113.6 ± 63.7 W/m 2 and −36.2 ± 23.7 W/m 2 at the TOA. This produced an averaged heating effect of 77.5 ± 49.7 W/m 2 in the atmosphere that was more than two times stronger than clean days. In Xuzhou, the values of DARF appeared to be much smaller and the difference between haze and clean days was insignificant. The winter-averaged DARF on HPDs in Beijing were two to three times larger than January 2013 in Beijing.
These findings, derived from long-term ground-based observations, are more significant than previous short-term case studies (less than one month of data) for improving our understanding of haze formation in China and for assessing its impact on climate radiative effect. Further efforts should be dedicated to applying these findings to satellite aerosol retrievals under haze conditions. 
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